Introduction 43
Viruses are abundant in marine and fresh water ecosystems. They infect 44 the hosts to replicate and, ultimately result in host cell lysis. Therefore, viruses the world. Several studies have shown that Microcystis populations are highly 61 diversified and the genetic compositions of Microcystis populations temporally 62 change during the development of blooms (3, 4, 19) . Recently, a comparative 63 genomic study showed the largest number of phage-defense systems in the M. 64 aeruginosa NIES-843 genome included the clustered regularly interspaced short suspensions were treated with DNase Ι (SIGMA-ALDRICH, St. Louis, MO) at 37 115 ○ C for 1 h before DNA extraction. Purified DNAs were suspended in 30 μL 116 deionized water. The amount and purity of the extracted DNA were determined 117 using optical density comparison at 260 nm and 280 nm. Each DNA extract was 118 used as a template for PCR to determine the g91 sequences. 119 120 Primer design, PCR amplification, and sequencing. We designed a 121 degenerate primer set (g91DF1 and g91DR3). As no strain closely related to 122 Ma-LMM01 has been isolated, the degenerated primer set was designed based 123 on sequences obtained using products with thermal asymmetric interlaced 124 (TAIL)-PCR products from environmental samples according to Kimura et al. 125 (2012) . 126 PCR amplification with primer sets g91DF1 (CTGGGGTAATCAAGTTA) 127 and g91DR3 (CGGGTGGRGTTRMAYCYRCG) was performed using an i Cycler 128 (Bio-Rad, Hercules, CA). The reaction conditions were an initial denaturation at 129 94 ○ C for 1 min, followed by 30 cycles: denaturation at 94 ○ C for 30 sec, were almost always found between 10 5 and 10 7 copy numbers mL -1 (Table 1) .
179
Water temperature was between 22.2 and 33.9 ○ C from July to September, and 180 around 18 ○ C on October (Table 1) . Dissolved oxygen concentrations were 181 almost more than 100 %, supporting blooms occur during sampling periods 182 (Table 1) . (47 sequences) and by GT1 (24 sequences), respectively ( Fig. 1 ). We referred 203 to these dominating genotypes as 'major genotypes'. Most of the genotypes (408/419) consisted of less than five sequences (rare genotypes). Most of them 205 included only one sequence. We confirmed three groups were genetically 206 distinct groups in a phylogenetic tree using the neighbor-joining method (Fig. S1 ).
207
Comparing the sequences of representatives from each group (GT2, group I; 208 GT25, group II; G1, group III), nucleotide differences between each pair were 27 209 (4.7 %, GT2 and GT25), 27 (4.7 %, G25 and GT1), and 33 (6.0 %, GT25 and 210 GT1) ( Fig. 1 and S2 ).
211
We also investigated the temporal changes in compositions of the g91 Genetic diversity of Microcystis cyanophage. We determined the genetic 237 diversity within the g91 gene at each sampling date (Table 1 ). The rarefaction 238 curve did not reach an asymptote for any of the libraries from each sampling day 239 (data not shown) and the sequence coverage values were low, suggesting greater diversity of g91 sequences was present in the samples than shown by 241 the sequencing (Table 1) . The Chao1 index also suggested more genotypes 242 were present in the samples than were detected in each clone library (Table 1) .
243
The Chao 1 and Shannon indices showed the high level of genetic diversity in 244 cyanophage populations was maintained throughout the sampling periods (Table   245 1).
246
This diversity in the g91 gene was derived from a large number of rare 247 genotypes, which were located at the periphery of each major and 248 moderately-frequent genotype (1-2 nucleotide substitutions). The variants of the 249 major genotypes almost always co-occurred with each major genotype at each 250 sampling date ( Fig.3) . For example, all the variants of the major genotype GT1 251 except for one clone were obtained when GT1 occurred ( Fig. 3) . This was 252 observed in emergence of moderately-frequent genotypes and their variants 253 although there were some exceptions that a few variants (ex. variants of GT152) 254 occurred independently ( Fig. 4) . For example, all of GT26 variants (15/15) were 255 only found in the sampling days when GT26 occurred. Thus, the frequency of 256 the variants depended on the presence of the original genotypes ( Fig. 3 and 4 ). The host-phage co-evolution that generates and maintains their diversity 271 has been assessed primarily through experimental studies (9, 16, 17) . Here, we 272 observed at duration in genetic diversity and the rapid gene diversification in 273 natural cyanophage populations possibly throughout host-phage co-evolution.
274
Our data indicate five major genotypes of Ma-LMM01-type phage (group I: GT2, 275 GT53, and GT163; group II: GT25; and group III: GT1) co-exist in the natural cyanophage populations throughout the sampling periods ( Fig. 3) . Additionally, 277 the co-existent multiple cyanophage genotypes oscillated in the population over 278 long-and short-periods ( Fig. 3 ). This compositional oscillation of phage 279 populations is a typical pattern in a frequency-dependent selection mode (9, 24).
280
Further, many studies show the composition of a natural M. aeruginosa 281 population (e.g., microcystin-producing and non-microcystin-producing 282 populations, ITS types) is temporally changing during blooms (3, 4, 19, (25) (26) (27) 283 and that the genetic shift is affected by cyanophage infection (25) co-evolution is partly driven by negative frequency-dependent selection and that 288 their genetic diversity is maintained throughout their co-evolution.
289
The variants of major genotypes and moderately-frequent genotypes in 290 the g91 sequences almost always co-occurred with their original genotypes ( Fig.   291 3 and 4). Several studies indicate an arms race between host and phage cannot 292 continue because the host needs the costs of phage resistance for its growth (2, 293 9, 13). However, the manner for emergence of the variants where the variants almost always co-occurred with their origins ( Fig. 3 and 4 
